We demonstrate temporal imaging with -42.6x time magnification of 200 ps frames with subpicosecond resolution for waveforms containing 2.5 Gb/s modulated picosecond pulses. 852 GHz signal bandwidth is captured single-shot at 104 MHz frame rates.
Introduction
Capturing subpicosecond detail in optical waveforms presents unique challenges when long record lengths and realtime data are desired. Frequency resolved optical gating (FROG) [1] is perhaps the most well known technique for measuring ultrafast signals, but it has limited single-shot recording length and requires significant post processing, making it difficult to operate on continuously varying gigabit-rate signals. This contrasts well-developed measuring devices like analog-to-digital converters (ADC) and oscilloscopes (scopes), which have extended recording lengths and output real time data, but are bandwidth limited. Techniques that can bridge this gap include time stretching for GHz bandwidth electrical signals [2] and temporal imaging for THz bandwidth optical signals [3] .
The temporal imaging technique magnifies signals in the time domain through the careful application of both group delay dispersion (GDD) and quadratic temporal phase (linear chirp) modulation to an optical waveform. Specifically, a waveform is propagated through an input GDD Φ 1 "; imparted with a linear chirp (dω/dτ); and then propagated through an output GDD Φ 2 ". Sum-frequency-generation-based (SFG) imaging occurs when
-1 is the focal GDD. The time magnification is given as M = -Φ 2 "/ Φ 1 ". Early SFG temporal imaging demonstrated 200 fs resolution but had limited frame length and poor signal-to-noise ratio that mandated repetitive averaging [4] . More recent systems achieved -30x time magnification and true single-shot, high repetition rate recording within 100 ps frames [5, 6] . This paper presents a -42.6x magnification temporal imaging system designed for a record length of 200 ps. When used as a front end to an optical receiver and 20 GHz real-time scope, up to 852 GHz of bandwidth is captured. We present the first singleshot recordings of gigabit-rate data modulated waveforms showing subpicosecond detail at >100 Mframes/s. The resolution of these recordings falls between repetitively averaged and true single-shot measurements demonstrated using a four-wave mixing temporal imaging system with only 70 ps frame length at 38 Mframe/s [7] . Fig. 1 shows the set-up of the temporal imaging system. The time lens utilizes SFG in a periodically poled LiNbO 3 (PPLN) waveguide [8] to impart the chirp of a pump pulse at 1587 nm onto a dispersed input signal at 1550 nm. The sum-frequency product outputted from the PPLN at 784.1 nm then propagates through a cascade of three chirped fiber Bragg gratings (FBGs) [9] to obtain the output dispersion. The net result produces a time-magnified version of the input signal that is received and measured on a scope. A combination of single mode fiber (SMF) and dispersion compensating fiber (DCF) disperses the input signal, yielding a total GDD of Φ 1 "= -22.22 ps 2 . The pump pulse originates from a pulsed laser source that is chirped by also propagating it through a combination of SMF and DCF, for a focal GDD of Φ f "= -21.73 ps 2 . The output GDD of the three FBGs is Φ 2 "= -940.99 ps 2 , and thus the combined GDDs of all components yield a temporal imaging system with M = -42.3 by design. The time lens pump source comprises of a 10 GHz optical frequency comb generator [10] coupled with dispersion decreasing fiber to produce a 240 fs FWHM pulse [11] . This is also pulse picked to operate at the frame rate of 104 MHz. A modulator in the signal path likewise gates the signal at the frame rate with a 495 ps window. This allows the subsequent optical amplifier (OA) to dedicate its gain strictly for the portion of signal that coincides with the pump pulse, increasing the amount of signal power available for second harmonic generation within the PPLN. The PPLN has a measured efficiency of 1.1%/W after fiber pigtailing.
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System Results and Discussion
The system impulse response is measured with a 776 fs pulse (measured using FROG), as shown in Fig. 2a . The output after magnification has a width of 1.08 ps when scaled back to the equivalent input time. This reveals a system resolution of 745 fs (Gaussian convolution approximation) and is consistent with a theoretical optical resolution limit of 240 fs and magnified receiver and scope limit of 704 fs. The magnification is measured to be M = -42.6 by making precise changes in the relative input time and observing the corresponding shift at the output. The 0.8% difference in actual vs. design magnifications arises from small uncertainties in the system GDDs above. Magnification and resolution improvements through temporal imaging are further demonstrated by means of a threepulse test packet that repeats at 2.5 GHz. The first and second pulses are spaced 48.4 ps apart while the second and third pulses are 4.7 ps apart. The second pulse is modulated with a 2.5 Gb/s pseudorandom bit sequence. As shown in Fig. 2b , a 20 GHz scope measuring a single packet before magnification can only resolve two peaks, with one peak representing the first pulse and the second peak representing the bandwidth limited combination of the other two pulses. In contrast, the output after magnification clearly resolves all three pulses on the magnified time scale, where the first and third pulses are respectively 2.06 ns and 200 ps apart from the second pulse. The pulses at the output have varying peak intensities that exceed their ±0.5 dB variance in input power. This can be attributed to the non-uniform amplitude response of the FBG. Fig. 3 compares multiple frames of pulse packets before and after temporal imaging. A real-time 57.6 ns recording of the three pulse packets before temporal imaging are shown in Fig. 3a . The temporal imaging system magnifies six packets within this record at 104 Mframes/s. The frames are shown close up in Fig. 3b using noninterpolated and unmagnified scope data at 50 GSa/s, where it is difficult to determine the data modulation applied to the second pulse, which is indicated. Only 10 samples from the scope are contained within the frame of length 200 ps. The equivalent frames after temporal imaging is shown in Fig. 3c , where the frames are now expanded to 8.55 ns each. The data modulation applied to the second pulse becomes clearly discernable, as each frame now contains ~426 samples. With temporal imaging, the scope's bandwidth and sampling rate limits referred to the input of the system are 852 GHz and 2.1 Tsample/s. The six highlighted frames are part of a 1 µs single-shot recording containing 103 frames in Fig. 3d . From this entire recording, the input scaled widths and standard deviations of the pulses within the packets are found to be: 1.3ps ± 154 fs, 1.051ps ± 46 fs, and 962 fs ± 33 fs. These compare well with individual FROG measurements that measure 955 fs, 870 fs, and 889 fs. 
Conclusion
A temporal imaging system capable of -42.6x magnification with resolution of 745 fs at 104 Mframes/s and 200 ps frame length has been demonstrated. The system captures and discerns 2.5 Gb/s data modulated waveforms with subpicosecond detail, and a 1 µs record has been shown. By design, the system should accommodate data rates up to ~1 Tb/s within each frame and substantially longer record lengths. The system can record subpicosecond detail in single-shot frames, repeating continuously until available memory buffers are full, or indefinitely if the scope is replaced with a comparable ADC and electronics that could process the magnified output data stream in real time. 
